Scanning probe microscopy of a cleaved semiconductor surface provides a direct measurement of the elastic field of buried, strained structures such as quantum wells or dots, but allowance must be made for relaxation at the surface. We have calculated this relaxation analytically for the exposed edge of a strained quantum well within classical elastic theory for a linear, isotropic, homogeneous medium. The surface bulges outward if the quantum well has a larger natural lattice constant and the dilation changes sign near the surface, which may enhance recombination. Results are given for a well of constant composition or an arbitrary variation along the growth direction and compared with cross-sectional scanning tunneling microscopy of InGaAs quantum wells in GaAs. Consistent values for the composition of the wells were obtained from counting In atoms, x-ray diffraction, and photoluminescence. The lattice constant on the surface and the normal relaxation were compared with the calculation. Qualitative agreement is good but the theory gives only about 80% of the observed displacement. Some of this difference can be explained by the larger size of indium atoms compared with gallium, and the different surface reconstruction and buckling behavior of InAs and GaAs ͑110͒ surfaces upon cleavage.
I. INTRODUCTION
Strained heterostructures are widely used in highperformance devices ranging from quantum-well lasers to pseudomorphic field-effect transistors. The strain is homogeneous deep within the mismatched layers of constant thickness used in these structures. In contrast, self-assembled quantum dots generate highly inhomogeneous strain.
A direct approach to study the strain and composition in a sample containing a quantum well or dots is to cleave it and scan the surface with a probe. This can give the composition directly and the strain can be measured in two ways. Subatomic resolution with a scanning tunneling microscope is needed to detect the strain in the plane of the surface. 1, 2 Alternatively the distortion normal to the surface can be measured 3, 4 because regions under compressive strain bulge outward while tensile strain depresses the surface. 5 This has the advantage that the lateral resolution need only be on the scale of the well or dot, for which atomic force microscopy is sufficient. 3 Unfortunately the measured strain cannot be interpreted directly in terms of an infinite well or buried dot because the material relaxes at the exposed surface to relieve its elastic energy. Similar relaxation occurs at the edge of a wafer containing an otherwise uniform strained layer, or if the edge of the layer is exposed by etching a mesa or quantum pillar. 6 In Sec. II we present an analytic calculation of the relaxation at a cleaved surface through a mismatched quantum well, such as InGaAs in GaAs. The results are compared with cross-sectional scanning tunneling microscopy in Sec. III. Agreement is generally good but the magnitude of the calculated relaxation is only about 80% of that observed. We consider some possible explanations for this in Sec. IV.
II. THEORY
In this section we describe a simple, analytic method to calculate the relaxation of a strained layer at a surface. The results are also a guide to the relaxation of a partly exposed quantum dot provided that its depth is much larger than its thickness. It is assumed that the elastic response is linear and isotropic, that there are no forces at the surface or interfaces, and that the elastic constants are the same everywhere. All these points are questionable but a more accurate calculation would almost certainly need numerical methods. The structure containing the strained slab is assembled as shown in Fig. 1 , following the ''strain suppression'' approach to thermoelasticity. 7, 8 ͑a͒ Bring the slab and its two cladding layers nearby without stress. Assume that the lattice constant in the slab exceeds that in the cladding layers by a constant fraction ⑀ 0 , taken to be positive. The axis z is along the direction of growth, which is now in the plane of the cleaved surface, and y is the outward normal to this surface.
͑b͒ Apply uniform stress of xx (slab) ϭ yy (slab) ϭϪP to the edges of the slab to reduce its lattice constant in the xy plane to that of the cladding layers, keeping zz (slab) ϭ0. 
͑c͒ The slab can now be joined to the cladding layers without further strain.
͑d͒ Finally, the fictitious stress applied in the previous step must be canceled by applying an outward pressure of P to the exposed edge of the slab. The region near the surface of both well and cladding layers relaxes under this stress.
It is assumed that the sample is large enough in all dimensions that each exposed edge of the slab can be treated independently. The problem of relaxation then reduces to plane strain with ⑀ xx (rel) ϭ0. We need the response of a semiinfinite medium to an applied stress yy (rel) (yϭ0,z)ϭ P for ͉z͉Ͻa with no other traction on the surface. This is a standard problem in contact mechanics. 9 The solution shows that the stress obeys yy (rel) (0,z)ϭ zz (rel) (0,z) at all points on the surface. It follows immediately that the surface of the cladding layers is unstrained ͑but not undistorted͒ and that the surface of the well is uniformly strained by ⑀ zz (rel) ϭ⑀ yy (rel) ϭ⑀ 0 (1Ϫ2)(1ϩ)/(1Ϫ). The total strains at the surface of the slab, including the distortion required to match the slab to the cladding, are
These are plotted in Fig. 2͑a͒ for 2aϭ5 nm, ⑀ 0 ϭ1%, and ϭ0.31 ͑roughly In 0.14 Ga 0.86 As in GaAs͒. The strain ⑀ yy , normal to the surface, is reduced by relaxation but ⑀ zz , along the direction of growth, increases to over 1.6%. This leads to a change in sign of the dilation: it is positive near the surface although the bulk of the slab is in compression. The displacement u(z) of the surface is of particular interest because it can be measured with a scanning probe. The component parallel to the surface follows from integration of the strain ⑀ zz while the normal component is given by
ͯͪ .
͑2͒
An arbitrary constant C is present because the displacement does not decay at infinity, a pathological behavior of twodimensional elasticity. This function is plotted in Fig. 2͑b͒ , where the displacement is exaggerated by a factor of 100 to emphasize both components of the relaxation. There is a logarithmic infinity in the slope of the edges of the slab, which may lead to artifacts in observations around these points. The strains are shown as a function of depth, Ϫy, for the middle of the slab (zϭ0) in Fig. 3͑a͒ . The change in sign of the dilation is clear. Neither tensile strain decays monotonically but has a minimum at a depth of ϪyϷa. This is reflected in the displacement of the edge of the slab, plotted in Fig. 3͑b͒ . The slab relaxes to a greater thickness near the surface, as expected, but becomes thinner below this. All these functions decay only as 1/y and therefore persist to a large depth.
Carriers near the surface of the slab are particularly affected by the large strains. The changes in energy of the conduction band, light and heavy hole bands are given by 10 ⌬E c ϭa c ⑀, ⌬E lh ϭa v ⑀ϩb v ⑀ ax ,
In these axes the axial strain ⑀ ax ϭ⑀ zz Ϫ tends to trap electrons, holes, and excitons at the surface and may enhance the recombination velocity, although it is large for only a few nanometers near the surface. Heavy holes are also affected by the axial strain, which may trap them at ϪyϷa. This has been observed in resonant tunneling diodes restricted to small pillars. 6 The calculation is readily extended to a slab of nonuniform composition, where ⑀ 0 (z) acquires an arbitrary variation during growth. The strains at the surface are again given by Eq. ͑1͒ but are now proportional to the local value of ⑀ 0 (z). It is more convenient 9 to calculate the slope of the surface rather than its normal displacement directly:
This has the form of a Hilbert transform, as in the KramersKronig relations, and can be inverted to give
In both cases the principal part of the integral is understood. Thus it should be possible to deduce the composition of inhomogeneous layers from measurements of the slope of the distorted surface. This provides an alternative to the numerical modeling used to investigate strain induced by intermixing. 4 An example of nonuniform composition is shown in Fig.  2͑c͒ , where the distortion of the cleaved surface is plotted for two wells of width 5 nm and the same average mismatch of 1%. The result for a uniform well given in Eq. ͑2͒ is compared with that for a graded well where the mismatch increases linearly from zero at zϭϪ2.5 nm to 2% at z ϭϩ2.5 nm. The difference could be measured by atomic force microscopy and used to study the variation of composition during growth, a common problem with materials that contain indium.
Another extension is to a well in a narrow mesa as shown in Fig. 1 , rather than an infinitely thick wafer, which can again be solved using standard results in elasticity. 8 Cubic anisotropy can also be included analytically 11 but variable elastic constants would probably require numerical methods.
III. EXPERIMENT
A cleaved sample containing two InGaAs quantum wells, labeled QW I and QW II, within a GaAs matrix was investigated using cross-sectional scanning tunneling microscopy ͑XSTM͒. A typical scan is shown in Fig. 4͑a͒ . By choosing a positive or negative sample voltage with respect to the tip, which is grounded, it is possible to tunnel into the empty conduction band surface states ͓which are located at the group III elements for a cleaved ͑110͒ surface of III-V semiconductor crystals͔ or out of the filled valence band surface states ͑which are located at the group V elements͒. By measuring at the proper polarity of the tunnel voltage, it is thus possible to be sensitive to either the group III ͑positive voltages͒ or group V ͑negative voltages͒ elements in the top layer of the cleaved surface.
All measurements were performed under UHV conditions (pϽ4ϫ10 Ϫ11 Torr). The sample was cleaved in situ and the outward relaxation upon cleaving, due to the large built-in strain, was determined. From XSTM images with atomic resolution the width and the local indium concentration of the quantum wells can be determined, as shown in Fig. 4 . Because of the difference in bond length and electrical properties of indium and gallium, the individual indium atoms can be distinguished from the surrounding GaAs ma- trix in the STM images. By measuring at positive tunnel voltages ͑empty states imaging mode͒ the local indium fraction throughout the two quantum wells can be determined by counting the indium atoms. The results are shown in Fig.  4͑b͒ shows that the indium content in the quantum wells can be considered to be constant within the accuracy of the measurement.
We compared our XSTM results concerning the determination of the composition of the quantum wells with two other standard techniques, photoluminescence ͑PL͒ and x-ray diffraction ͑XRD͒. The PL experiments were performed in a standard flow cryostat at 5 K using a diode pumped Nd:YAG laser operating at 25 mW at 532 nm and a backscattering configuration with a scanning spectrometer and a liquid nitrogen cooled CCD camera. The calculations were based on an effective mass approximation using parabolic bands and the solid-model theory of van de Walle 12 to calculate the band offsets between the different strained layers of the structure. The results of these measurements are shown in Table I . In the model used to interpret the PL and XRD spectra, the well width has to be inserted and was determined from the XSTM measurements. The estimates of the composition are in good agreement although PL tends to give a slightly higher concentration of indium.
The measured, apparent height of the cleaved quantum wells is determined both by the real outward relaxation and by contrast due to the different chemical properties ͑band gap, electron affinity, etc.͒ of the GaAs and InGaAs. The latter is sensitive to the magnitude and sign of the applied tunnel voltage. From height profiles shown in Fig. 5͑a͒ , the ''apparent relaxation'' of the InGaAs QW II with respect to the surrounding GaAs matrix is determined at different tunnel voltages, and plotted as a function of voltage in Fig. 5͑b͒ .
The apparent relaxation in the profiles obtained from filled states images ͑negative tunnel voltage͒ is almost independent of the image voltage. In the empty states images ͑positive tunnel voltage͒, however, there is a strong voltage dependence and at low tunnel voltages there is a large electronic contrast. This is due to the fact that in filled states imaging the relative tunnel barrier height difference between the GaAs and the InGaAs with respect to the the vacuum barrier is much smaller than in the empty states imaging mode, resulting in a very weak voltage dependence of the tunnel current ͑and thus the measured height differences͒ due to differences in chemical composition. 13 At high tunnel voltages the measured relaxation profiles approach a constant value, independent of the polarity of the applied tunnel voltage. In order to determine only the real outward relaxation and suppress the electronic contrast, XSTM measurements should be performed at high positive tunnel voltages ͑empty states͒ or negative tunnel voltages ͑filled states imaging͒.
The lattice constant can be determined from Fig. 4͑a͒ by measuring the distance between the atomic rows. To get an accurate value, some averaging of the local indium fluctuations is necessary, which can be done by Fourier filtering perpendicular to the growth direction. The measured lattice constant profile is shown in Fig. 6 . The lattice constant changes abruptly at the interfaces between the quantum wells and the surrounding GaAs matrix and the value of the lattice constant throughout the quantum wells can be considered to be constant. This is good qualitative agreement with the calculations. Numerical agreement, however, requires a higher indium concentration in the calculation than that deduced from the XSTM measurements: 7% and 17.1% instead of 5% Thus the calculation appears to predict too small a distortion of the surface. The measured lattice constant of the GaAs however, exactly agrees with the theoretical value, confirming that the STM is calibrated properly.
In Fig. 7 , the measured outward relaxation with minimal electronic contrast is compared with calculations. The overall shape of the calculated profile is again qualitatively consistent with the measured relaxation profile. Once more, however, the measurement indicates a stronger outward relaxation than the profile calculated with the use of the indium concentrations found from the XSTM measurements. A better fit can again be achieved by using an increased indium concentration of 17.1% for QW II.
IV. DISCUSSION
Agreement is good between the theory and experiments at a qualitative level. The prediction that the lattice constant of the GaAs should be unaffected on the surface, while that of the quantum well is changed by a constant factor, is strongly supported. Similarly, the shape of the outward distortion of the cleaved surface is described well. The disagreement is in the magnitude of the distortion, with the calculation predicting about 80% of that measured in the experiments. We now consider some possible reasons for this discrepancy.
First, it could be possible that the XSTM measurements are unrepresentative of the bulk because of artefacts arising from cleavage, for example, the desorption of indium. Against this we note the good agreement between the three determinations of the indium concentration summarized in Table I and the fact that no defects or vacancies are observed in the XSTM images. It also seems unlikely that the estimate of the width is influenced by the extreme slope of the surface at the edges of the well ͓Eq. ͑2͔͒. The problem probably lies in the way a cleaved surface behaves, the way it is imaged during the STM measurements, or in one of of the assumptions on which the calculation is based.
͑1͒ During filled states imaging, only the arsenic lattice is visible in the STM images and the indium atoms in the top layer of the cleaved surface are therefore not visible. However, an indium atom in the second layer, which is much larger than a gallium atom, will push up the arsenic atom in the top surface layer by about 16 pm in the STM images. This will give an increase of the measured relaxation profile in the quantum well, which is not included in the calculation.
͑2͒ When a ͑110͒ surface of a III-V semiconductor is cleaved the surface reconstruction and buckling angle of the surface depend on the composition of the cleaved layer. The resulting reconstruction of the arsenic lattice is 10-20 pm larger for a cleaved InAs surface than for a GaAs surface. 14 This again will give an extra increase in the measured relaxation profile of the quantum wells during filled states imaging.
͑3͒ The effects mentioned in 1 and 2 are given for pure InAs and GaAs. When considering a layer with an indium content of about 17% the resulting total extra measured outward relaxation in QW II will be about 6 pm. When including this in the calculation, a much better fit with the calculated 17.1% indium content profile is obtained, especially inside the actual quantum well region. This is, however, still in disagreement with the indium content of 14.4%, which not only has been determined locally by STM, but also by techniques that determine the average indium concentration on a larger scale, PL and XRD.
͑4͒ It has been assumed that the elastic constants are the same throughout the sample, but InAs is considerably less stiff than GaAs. At first sight this might be expected to make the calculated deformation larger, but the opposite is the case. The reason is that the applied pressure P depends on the elastic constants of the well. Thus a less stiff well leads to a lower force, and the displacement is reduced by the stiffer cladding layers.
͑5͒ The theory is for isotropic elasticity but the materials are cubic. An analytic calculation is possible 11 but we have not yet attempted it. The expression for the pressure required to force the well to match the cladding layers becomes P ϭ⑀ 0 E/(1Ϫ)ϭ⑀ 0 (s 11 ϩs 12 ) in a cubic material. We have used a value of Poisson's ratio consistent with this, ϭϪs 12 /s 11 ϭ0.31 for GaAs, and P therefore already has its correct value allowing for cubic symmetry. This is an extreme value of , however, and an angular average might be more appropriate when calculating the subsequent relaxation at the cleaved surface. The result is ͗͘Ϸ0.25, which would reduce both the strain in the plane of the surface and the displacement according to Eqs. ͑1͒ and ͑2͒.
͑6͒ We have assumed that the linear theory of elasticity can be used, but the strains of over 1.5% may render this invalid. Unfortunately we are not aware of any calculations that employed nonlinear elasticity. The crucial feature would be an enhanced value of P to increase the distortion. Nonlinearity would be strongest very near to the surface and would therefore have a smaller effect on u y (z), which depends on the integral over strain as a function of depth. The similarity between the errors in ⑀ zz (z) and u y (z) is evidence against significant nonlinearity.
͑7͒ There may be forces at the interfaces between GaAs and InAs, and at the exposed surface, as a result of interface and surface energies. Any such forces would have to be significant compared with 2 PaϷ8 Nm
Ϫ1
. ͑8͒ Finally, we have neglected piezoelectric effects. 15 The coupling is weak enough that there should be no signifi- cant effect on the elastic field itself, but the piezoelectric potential could influence the STM. Against this, it seems unlikely that the lattice constant in the plane of the surface would be affected.
We are unable to explain the discrepancy at present but plan to investigate the effect of different elastic constants and cubic symmetry more carefully.
V. CONCLUSIONS
A simple method has been described for calculating the elastic field around a strained quantum well at a cleaved surface and compared with cross-sectional scanning tunneling microscopy. The normal displacement may be particularly useful for interpreting atomic force microscopy at lower resolution and an integral transform can be used to recover the variation of composition from measurements of the slope of the surface.
The strain in the plane of a cleaved surface and the normal displacement have been measured by XSTM for a sample containing two InGaAs quantum wells in GaAs. The composition of the wells was determined by counting indium atoms on the surface and confirmed by x-ray diffraction and photoluminescence. Qualitative agreement between the measured distortion of the surface and the calculations is good. The strain in the plane of the surface is found to be constant within a well and vanishes in the cladding, as predicted by the theory, and the shape is also consistent. However, the calculations predict only about 80% of the displacement directly measured by XSTM. This discrepancy can be partly explained by the larger size of the indium atoms and the different buckling behavior and surface reconstruction upon cleavage, which cause a different relaxation behavior of the GaAs and InGaAs layers. We have been unable to determine the reason for the remaining discrepancy, although the assumption of isotropic symmetry in the calculation seems most likely.
